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SUMO regulates proteasome-dependent
degradation of FLASH/Casp8AP2
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FLASH/Casp8AP2 is a huge multifunctional protein involved in multiple cellular processes, reaching from death receptor
signaling to regulation of histone gene transcription and histone mRNA processing. Previous work has shown that
FLASH localizes to Cajal bodies and promyelocytic leukemia (PML) bodies. However, the function of its nuclear body
association remains unclear. Here we demonstrate that murine FLASH is covalently modified by SUMO at Lys residue
1792. Interestingly, ectopic expression of SUMO results in proteasome-dependent degradation of FLASH. A point
mutant of FLASH with a mutated SUMO acceptor lysine residue, FLASH'7®, is resistant to SUMO-induced degradation.
Finally, we show that arsenic trioxide, a drug known to potentiate SUMO modification and degradation of PML, triggers
recruitment of FLASH to PML bodies and concomitant loss of FLASH protein. Our data suggest that SUMO targets FLASH
for proteasome-dependent degradation, which is associated with recruitment of FLASH to PML bodies.

Introduction

FLASH (FLICE-associated huge protein)/Casp8AP2 (Caspase-8
associated protein 2) is a huge 1,962 amino acids long protein
that has been implicated in numerous cellular processes, includ-
ing apoptosis regulation, cell cycle, mRNA processing and
transcriptional control.'"® Knockout of the FLASH/Casp8AP2
gene in mice is lethal early in embryogenesis, indicating that
FLASH is essential for life."! Initially, FLASH was identified as
an interacting molecule for Caspase-8 (FLICE) and was shown
to potentiate death receptor CD95-induced Caspase-8 activa-
tion and apoptosis.' In addition, FLASH has also been linked
to TNF receptor-induced activation of the transcription factor
NFkB through association with the signaling molecule TRAF2
and Caspase-8.'%" Interestingly, a number of studies demon-
strated that FLASH is mainly localized to the cell nucleus and
at nuclear bodies (NBs). In this context, FLASH was shown to
associate with Cajal bodies and to interact with histone gene pro-
moters, thereby stimulating the expression of histone genes.>?
Consequently, depletion of FLASH leads to accumulation of
cells in S phase, presumably through histone depletion. A recent
study has linked FLASH to histone gene pre-mRNA processing,
documenting an additional role in the regulation of histone gene
expression.”® FLASH does not localize exclusively to Cajal bod-
ies, but a fraction of FLASH is associated with promyelocytic
leukemia (PML) nuclear bodies.* In response to CD95 receptor
signaling, FLASH leaves the nuclear bodies and accumulates
in the cytoplasm at the mitochondria, where it associates with
Caspase-8 and mediates apoptosis.*™ A recent study indicates
that the E3 ubiquitin ligase Ro52 mediates nucleo-cytoplasmic
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translocation of FLASH," suggesting a potential mechanism for
FLASH shuttling. Consistent with its role in apoptosis regu-
lation, FLASH has been identified as a predictive marker for
the therapy success of childhood acute lymphoblastic leukaemia
and pediatric T-cell lymphoblastic lymphoma'®"”

PML bodies are macromolecular nuclear domains present in
almost all mammalian cells.”"” Small ubiquitin-related modifier
(SUMO) has been identified as a major regulator of PML body
formation and homeostasis.?* On the one hand, PML itself is cova-
lently modified with SUMO; on the other hand, PML contains
a SUMO interacting motif (SIM) that mediates non-covalent
interaction with SUMO-modified proteins.?**! By means of such
interactions PML builds up a protein meshwork, to which fur-
ther SUMO-modified proteins can be recruited.?*?' Remarkably,
it has been shown that SUMO modification of PML results in
its proteasome-dependent degradation.”? Acute promyelocytic
leukemia (APL) cells express an oncogenic PML-RAR fusion
protein, which is causative for this disease. Treatment with the
drug arsenic trioxide (ATO, As,O,) strongly potentiates SUMO-
modification of PML-RAR and PML, which is associated with
their recruitment to PML bodies and subsequent proteasome-
dependent degradation mediated by the SUMO-dependent ubig-
uitin ligase RNF4.2% Interestingly, the chain-forming capacity
of SUMO-2 and SUMO-3 appears to be critical for directing
RNF4 to its substrate PML. These findings indicate that PML
bodies can serve as sites of SUMO-regulated substrate ubiquiti-
nation and degradation.

Here we demonstrate that murine FLASH is modified by
SUMO at lysine residue 1792. In addition, we provide evidence
that expression of SUMO results in reduced FLASH protein
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levels due to induction of FLASH degradation by the protea-
some. A FLASH mutant with a mutated SUMO acceptor site,
FLASH®72R s resistant to SUMO-mediated degradation.
Finally, we show that treatment with ATO results in recruitment
of FLASH to PML bodies and subsequent loss of FLASH expres-
sion. Taken together, our results suggest that FLASH is targeted
for proteasome-dependent degradation by SUMO. Furthermore,
FLASH degradation is associated with its recruitment to PML
bodies, suggesting that PML bodies regulate FLASH degradation

Results

SUMO modification of murine FLASH at Lys1792. We and
others have shown that FLASH localizes to nuclear bodies,
including Cajal bodies and PML bodies.>* Since numerous
SUMO-modified proteins have been found to localize to PML
bodies," we performed confocal microscopy to analyze whether
SUMO-1 co-localizes with FLASH. Indeed, Flag-FLASH and
GFP-SUMO-1 partially co-localize in the cell nucleus in nuclear
bodies (Fig. 1A).

Since the murine FLASH protein harbors potential SUMO
modification motifs in its primary amino acid sequence, we per-
formed in vicro SUMO modification assays to find out whether
FLASH is a direct SUMO-1 target protein. To this end, we
in vitro translated different FLASH deletion mutants, which,
together, span the entire FLASH molecule (for schematic over-
view see Fig. 1D) and analyzed their SUMO modification. Using
this approach, we were able to clearly identify SUMO-1 conjuga-
tion of two overlapping FLASH polypeptides, FLASHAD and
FLASHAE (Fig. 1B). The other FLASH polypeptides showed no
SUMO-1 conjugation (Fig. 1B and D). Interestingly, FLASHAE
harbors one consensus SUMO modification site with Lys1792
as bona fide acceptor residue. We used site-directed mutagenesis
and exchanged the potential acceptor Lys1792 to Arg (in the con-
text of FLASHAD). When we compared this mutant FLASH
protein to the wild-type protein in the in vitro SUMO modifica-
tion assay, no SUMOylation of the mutant protein was detected,
whereas the wild-type form was SUMO-1 modified (Fig. 1C).
Taken together, these data identify Lys1792 of FLASH as main
acceptor residue for SUMO modification in vitro.

To determine whether SUMO modification might regulate
FLASH localization, we compared the subcellular distribution
of the full-length wild-type FLASH and FLASH®'"**® proteins.
Confocal microscopy revealed no obvious difference in the sub-
cellular localization of wild-type and mutant FLASH*79?®, and
both proteins showed the characteristic NB-associated subcellu-
lar distribution (Fig. 1E). Thus, we conclude that SUMO modi-
fication at Lys1792 is dispensable for the subcellular localization
of FLASH.

SUMO expression results in reduced FLASH protein levels.
Interestingly, when we coexpressed SUMO-1 along with FLASH
in 293T cell, we noticed a severe drop of FLASH protein lev-
els in western blot analysis (Fig. 2A). To exclude the possibility
that loss of FLASH is due to high molecular mass of SUMO-
I-modified FLASH isoforms, which do not properly enter the
SDS-PA gel, we performed dot blot analysis and directly spotted
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the cell lysates on the membranes to perform immunodetection
with FLASH antibodies. Consistent with our results shown in
Figure 1A, dot blot analysis verified a strong drop of FLASH pro-
tein levels upon expression of SUMO-1 (Fig. 2B). These results
show that SUMO-1 expression leads to decreased FLASH pro-
tein levels.

We next aimed to test whether this effect is specific for
SUMO-1 or can also be induced by the expression of SUMO-2
and SUMO-3 molecules. Although expression of each SUMO
isoform resulted in profound reduction of FLASH protein lev-
els, SUMO-2 appeared to be most effective in triggering FLASH
degradation (Fig. 2C). These results suggest that FLASH degra-
dation is not exclusively triggered by the chain-forming SUMO-2
and SUMO-3 isoforms and that—at least under the overexpres-
sion conditions used here—can be also mediated by SUMO-1.

SUMO modification has been shown to be reversible and can
be removed by SUMO-specific proteases.?**® SuPr-1(the mouse
othologue of human SENP2) is a SUMO protease which has
been previously shown to associate with PML bodies.”” Thus, we
tested the effect of SuPr-1 on SUMO-dependent FLASH loss.
Overexpression of SuPr-1 partially rescued SUMO-dependent
degradation of FLASH (Fig. 2D). This effect was dependent on
its peptidase activity, since a SuPr-1 mutant lacking peptidase
activity, SuPr-1¢%%S, failed to interfere with FLASH degradation
(Fig. 2D). Taken together, our results suggest that FLASH pro-
tein levels are regulated by its modification with SUMO.

SUMO mediates FLASH degradation. SUMO modification
has been demonstrated to trigger increased PML body formation
and PML degradation through the proteasome.??® To address
whether SUMO might also induce proteasome-dependent deg-
radation of FLASH, we inhibited the proteasome by using the
inhibitor MG-132. Strikingly, proteasome-inhibition efficiently
rescued FLASH depletion upon SUMO-3 expression, indicat-
ing that SUMO indeed triggers proteasome-dependent FLASH
degradation (Fig. 3A). To test whether the endogenous FLASH
protein is also subject to protein turnover, we inhibited the pro-
teasome and analyzed the FLASH amounts by immunoblotting.
FLASH protein amounts were clearly increased upon proteasome
inhibition in a time-dependent fashion and slower migrating
isoforms of FLASH accumulated upon proteasome inhibition
(Fig. 3B). These data suggest that endogenous FLASH protein
levels are balanced by proteasome-dependent breakdown, and
proteasome inhibition results in accumulation of high-molecular
FLASH isoforms.

Next, we analyzed the role of the SUMO acceptor residue
Lys1792 in SUMO-mediated FLASH degradation. Strikingly,
FLASH*"7?R was refractory to SUMO-mediated degradation,
whereas the wild-type protein was readily degraded (Fig. 3C).
These data suggest that Lys residue 1792 is critical for SUMO-
dependent FLASH degradation.

Arsenic trioxide recruits FLASH to PML bodies and triggers
FLASH degradation. Arsenic trioxide (ATO) is an effective ther-
apeutic drug, which is widely used to treat APL patients. Previous
studies have established that ATO treatment results in increased
SUMO modification of PML, potentiated PML body formation

and subsequent degradation of PML through the proteasome.?**
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Figure 1. FLASH is modified by SUMO-1 at lysine residue 1792 in vitro. (A) FLASH and SUMO-1 co-localize in nuclear bodies. HT1080 cells transiently
expressing HA-FLASH and GFP-SUMO-1 were analyzed by immunofluorescence staining and confocal microscopy. (B) In vitro SUMO conjugation of
FLASH. Different murine FLASH proteins (a schematic drawing is shown in d,) were in vitro translated and **S-labeled. Subsequently in vitro SUMO
conjugation assays were performed in absence and presence of SUMO-1. A representative autoradiogram is shown. (C) Lysine residue 1792 of FLASH is
required for its SUMO modification. In vitro SUMO conjugation was performed and analyzed as described in (B). (D) Overview of the FLASH deletions
used and the results of the in vitro SUMO conjugation assays. (E) Confocal image showing the subcellular localization of HA-FLASH and HA-FLASHK792R
in HT1080 cells. (A and E). Scale bars: 20 um.
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Figure 2. SUMO expression results in reduced FLASH protein levels. (A) SUMO-1 expression results in reduced FLASH protein levels. The indicated con-
structs were transiently expressed in 293T cells and cell lysate were analyzed by immunoblotting as indicated. (B) Dot blot analysis of 293T cell lysates
expressing the indicated expression constructs also shows reduction of FLASH protein levels upon SUMO-1 expression. (C) SUMO isoforms SUMO-1,
SUMO-2 and SUMO-3 induce similar reduction in FLASH protein levels. The indicated constructs were transiently expressed in 293T cells, and cell
lysate were analyzed by immunoblotting as indicated. (D) Expression of the SUMO protease SuPr-1 counteracts SUMO-mediated FLASH degradation.

The indicated constructs were transiently expressed in 293T cells, and cell lysate were analyzed by immunoblotting as indicated.
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Figure 3. SUMO mediates proteasome-dependent degradation of FLASH. (A) Proteasome inhibition rescues SUMO-mediated FLASH degradation.
The indicated constructs were transiently expressed in 293T cells, treated with the proteasome inhibitor MG-132 or the pan-caspase inhibitor zZVAD as
indicated, and cell lysates were analyzed by immunoblotting. (B) Proteasome inhibition leads to accumulation of endogenous FLASH protein levels in
HT1080 cells. Cell lysates were analyzed by immunoblotting as indicated. (C) FLASH 79} js refractory to SUMO-mediated degradation. The indicated
constructs were transiently expressed in 293T cells, and cell lysates were analyzed by immunoblotting as indicated.

This prompted us to investigate whether ATO treatment might
trigger the recruitment of FLASH to PML bodies by using con-
focal microscopy. Strikingly, whereas in untreated cells, no co-
localization and only sporadic association of FLASH and PML
was detectable (Fig. 4A), ATO treatment resulted in a time-
dependent, gradual association and co-localization of FLASH
with PML (Fig. 4B). Finally, complete co-localization of FLASH
and PML at PML bodies was observed 28 h post-ATO treatment
(Fig. 4C). Of note, the size of PML bodies increased after ATO
treatment, which is in line with previous reports.?%

We next wanted to determine whether ATO treatment results
in PML degradation and loss of FLASH protein. As expected,
36 h after ATO treatment, we detected a clear reduction in PML
protein levels, which is indicative for PML degradation (Fig. 4B).
Remarkably, also FLASH protein levels were reduced upon ATO
treatment, arguing that ATO trigger degradation of the FLASH
protein (Fig. 4D). Taken together, our results indicate that ATO
treatment triggers recruitment of FLASH to PML bodies, which
presumably leads to FLASH protein degradation.

1918
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Discussion

Previous work identified FLASH as a multifunctional protein
and component of nuclear bodies, such as Cajal bodies and PML
bodies. Whereas FLASH has been shown to co-localizes to high
extent with NPAT,>? only a minor fraction of FLASH appears to
co-localize with PML bodies.*! One explanation for this obser-
vation might be that association of FLASH with PML bodies is
a dynamic process regulated by its SUMO modification, which
finally may result in FLASH degradation at PML bodies. In
accordance with this interpretation, we found that co-localization
between FLASH and PML is profoundly increased in response to
ATO treatment. ATO has been established to potentiate SUMO
modification and subsequent proteasome-dependent degradation
of PML through the SUMO-interacting E3 ubiquitin ligases
RNF4 or Arkadia/RNF165.2224%3 PML body recruitment of
FLASH is followed by reduction of FLASH protein levels, sug-
gesting that FLASH is degraded upon ATO treatment. Thus,
our results suggest that FLASH, similar to PML, is degraded
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Figure 4. Arsenic trioxide treatment triggers recruitment of FLASH to PML bodies resulting in subsequent FLASH degradation. (A-C) HT1080 cell
stably expressing GFP-FLASH were treated with arsenic trioxide (As,0,) and subsequently analyzed by immunofluorescence staining and confocal mi-
croscopy. Scale bars: 20 pum. (D) Immunoblot analysis of lysates of HT1080 cells stably expressing GFP-FLASH. The cells were treated with as indicated

and subsequently harvested forimmunoblot analysis.

in a SUMO-dependent fashion in association with PML bod-
ies. This interpretation is in line with our findings that ectopic
expression of SUMO triggers proteasome-dependent degradation
of FLASH. In addition, a FLASH mutant lacking Lys1792, the
bona fide SUMO acceptor residue, is unresponsive to SUMO-
mediated degradation. Although the detailed mechanism of
FLASH degradation remains to be identified, it is tempting to
speculate that FLASH degradation might use a similar SUMO-
dependent poly-ubiquitination mechanism as recently uncovered
for PML and the oncogenic PML-RAR« fusion protein, which is
mediated by the RNF4 ubiquitin ligase.>**

The herein identified SUMO acceptor site Lys1792 of murine
FLASH is an analogous site to the previously identified acceptor
site Lys1813 in the human FLASH protein.?' Exchange of SUMO
acceptor lysine residue 1823 to arginine did not change the local-
ization pattern of human FLASH. However, it reduces the transac-
tivating function of a FLASH-Gal4 fusion.* These results, along
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with our study, suggest that SUMO modification of FLASH might
have pleiotropic species- and cell type-specific functions.

ATO treatment results in cell cycle arrest and induction of
apoptosis in APL blast through mediating degradation of the
oncogenic PML-RARa fusion protein.”??> FLASH/Casp8ATP2
has been shown to play an essential role in regulation of the cell
cycle, in particular in S phase progression.? It is therefore tempting
to speculate that proteasome-dependent degradation of FLASH/
Casp8AP2 by ATO might contribute to cell cycle arrest in APL
blasts. Future studies will be important to address this question.

Consistent with our findings that FLASH is targeted for
degradation by the proteasome, it has been previously demon-
strated that FLASH is an unstable protein that is degraded upon
UV damage.* It remains to be studied in the future whether
UV-induced FLASH degradation may be linked to SUMO con-
jugation, or whether it follows a different mechanism of degrada-
tion. Furthermore, the functional consequences of SUMO-linked
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FLASH degradation need to be determined in the future.
Interestingly, a recent publication identified a cluster of SUMO-
interacting motifs (SIMs) in the FLASH protein.* It will be inter-
esting to see whether non-covalent interaction of FLASH with
SUMO through the SIM’s plays a role in the SUMO-regulated
FLASH degradation proposed in this study. In summary, our
results presented here strongly suggest that SUMO mediates pro-
teasome-dependent degradation of FLASH, presumably through
potentiating the association of FLASH with PML bodies.

Materials and Methods

Cell lines, cell culture, transduction and transfection. 293T
and HT1080 (both obtained from ATCC) were maintained in
DMEM (Gibco) supplemented with 10% FCS, 1% (w/v) peni-
cillin/streptomycin, 2 mM L-Glutamine, ImM Sodium Pyruvat
and 20 mM Hepes buffer at 37°C at 5% CO,. Transient trans-
fections were done using Lipofectamine 2000 (Invitrogen) or by
standard calcium phosphate precipitation. HT1080 cells stably
expressing GFP-FLASH have been generated by transient trans-
fection and subsequent selection with Hygromycin. The resulting
cell pool was enriched for GFP-FLASH expressing cells by FACS
sorting and used for the experiments in absence of the selection
drug.

Antibodies. The following antibodies were used: rab-
bit anti-PML (a kind gift from Peter Hemmerich, Jena), GFP
(FL, Calbiochem), Flag (M2) from Sigma, actin (C4) from MP
Biomedicals, HA (12CA5) from Roche and tubulin from Sigma.
The affinity-purified rabbit FLASH antibodies have been previ-
ously described.

Expression constructs. FLASH expression constructs have
been previously described" or generated by standard PCR tech-
niques. FLASH*7??R constructs were generated by site-directed
mutagenesis and cloned in the respective target vectors. All con-
structs were verified by DNA sequencing,.

Immunofluorescence staining and confocal microscopy.
Cells were seeded onto coverslips and transfected as indicated in
the individual experiments. Cells were fixed in 4% paraformal-
dehyde/PBS solution for 10 min at RT. After washing once with

PBS, cells were blocked in 10% goat serum/PBS for 1 h at RT.
Cells were incubated either with anti-PML or anti-HA antibod-
ies for 1 h at RT. After washing with PBS, cells were incubated
with secondary antibodies Alexa Fluor 594 donkey anti-rabbit
(Invitrogen) in PBS with Hoechst 1:1,000 w/v (Sigma) and
mounted on glass slides with Mowiol (Sigma). Images were taken
using a confocal laser scanning microscope (FluoViewl000,
Olympus) with a 60X oil objective using the sequential scan-
ning mode. All images were collected and processed using the
FluoView Software (Olympus) and Adobe Photoshop.

Immunoblot analysis. Immunoblotting was performed as
published,* and proteins were detected by enhanced chemilumi-
nescence (SuperSignal West Dura and Femto, Pierce).

In vitro SUMO modification assays. FLASH proteins were in
vitro translated and labeled with #5S-methionine as described pre-
viously.* In vitro SUMO modification reactions were performed
using the In vitro SUMO-1 Conjugation Kit (Boston Biochem)
according to the instructions of the manufacturer. After incuba-
tion for 30 min at 30°C, reactions were stopped by adding 5x
SDS loading buffer. After separation by SDS-PAGE, gels were
fixed, dried and exposed to X-ray films.
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